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SESSION V I  

SYSTEMS APPROACH 

A SYSTEMS APPROACH TO CONTAMINATION CONTROL 

C .  A.  TRAUTH, JR. 
Systems Studies Division 

Sandia Corporation 
Albuquerque, New Mexico 

Abstract 

technical ly  advanced society,  i s  s t i l l  a subject  suffer ing from a lack  
of cohesiveness. This s i tua t ion  obtains because there i s  no theory of 
contamination control  which applies t o  a l l  spec i f i c  contamination con- 
t r o l  problems and encompasses a l l  types of contamination control  tech- 
niques. This paper represents  an attempt t o  formulate a framework i n  
which such a theory may be developed. In  e f f e c t ,  t h i s  i s  a framework 
i n  which contamination control  may be planned fo r  on a cost-effect iveness  
b a s i s .  

Contamination control ,  i n  sp i t e  of i t s  increasing importance i n  our 

Introduction 

Contamination Control. When contamination control i s  understood 
i n  the broad sense o t  l imi t ing  or removing unwanted mater ia l ,  nearly 
every human being i s  involved, t o  some degree, i n  t h i s  a c t i v i t y .  This 
pa r t i c ipa t ion  may take the form of placing t rash  i n  receptacles  or 
merely l imi t ing  one's food t o  things which a re  hoped not t o  be harmful. 
Because of t h i s  "universali ty" of contamination control ,  i t  i s  easy t o  
view the f i e l d  as  a d i s jo in ted  co l lec t ion  of r e l a t i v e l y  unrelated prob- 
lems. A l i t t l e  r e f l ec t ion ,  however, must lead t o  the r ea l i za t ion  tha t  
near ly  a l l  contamination control problems have ce r t a in  s imilar  features:  
they involve l imi t ing  or  removing p a r t i c  l a t e  matter,  gases or l iqu ids  
i n ,  on or from so l id s ,  gases or li uids.y The following abbreviated 
l i s t  gives some indicat ion of the 'universality" of contamination con- 
t r o l  and the s imi l a r i t y  of the problems a r i s ing  i n  the f i e l d .  

'Contamination control has been viewed i n  some d e t a i l  i n  t h i s  form 
i n  a document e n t i t l e d  Principles of Contamination Control. This docu- 
ment was DreDared bv members o i  the Planetary Quarantine Department of - .  

Sandia Lakoratoriesd and was published by the Government Pr in t ing  
Office i n  l a t e  1967. 

*** 
This work was conducted under Contract No. NASA-R-09-019-040, Bioscience 
Division, Office of Space Science Application, NASA Headquarters. 
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Area 
Medic ine 

Foods 

Drugs 

Manufacturing 

A i r  Po l lu t ion  

Water Pol lut ion 

Planetary Quarantine 

P r  ob l e  m 

- L i m i t  (remove) v i r u l e n t  l i f e  forms , 
par t i cu la t e  mat ter ,  chemicals and 
gases on and i n  (from) instruments,  
drugs, environments and humans. 

l i f e  forms, harmful chemicals and 
gross pa r t i cu la t e  matter i n  (from) 
foods and environments. 

- L i m i t  (remove) v iab le  v i r u l e n t  

- L i m i t  (remove) c e r t a i n  v iab le  v i -  
r u l e n t  l i f e  forms, harmful chem- 
i c a l s  and pa r t i cu la t e  matter i n  
(from) drugs and environments. 

- L i m i t  (remove) c e r t a i n  types of 
gases ,  l i qu ids  and s o l i d s  on and 
i n  (from) products,  environments 
and r a w  mater ia l s .  

- L i m i t  (remove) c e r t a i n  par t icu-  
l a t e  mater ia l  and chemicals i n  
(from) a i r .  

- L i m i t  (remove) c e r t a i n  p a r t i c u l a t e  
mater ia l  , chemicals , l i f e  forms i n  
(from) na tu ra l  water sources.  

- L i m i t  (remove) v iab le  micro-organ- 
isms on and i n  (from) space ve- 
h i c l e s ,  environments, mater ia l s  
and p a r t s .  

A t  l e a s t  one important observation may be made about contamination 
cont ro l  as represented by t h i s  l i s t .  It i s  t h i s :  a narrow view of con- 
tamination control  techniques i s  not poss ib le .  It i s  not  possible  t o  
view any technique as  being exclusively associated with a given area  
because of the s i m i l a r i t y  of the problems a r i s i n g  i n  many areas .  The 
recent  use of laminar a i 5  flow clean rooms i n  medicine provides an ex- 
c e l l e n t  example of t h i s .  Also, i t  i s  not  possible  t o  equate contam- 
ina t ion  control  w i t h  any one technique because of the u n i v e r s a l i t y  of 
the f i e l d .  Cleaning, c lean rooms, u l t r a son ica t ion ,  and so f o r t h ,  a r e  
a l l  important i n  addressing the problems of contamination con t ro l .  

Thus, f o r  purposes of t h i s  paper,  contamination cont ro l  i s  viewed 
a s  a broad, important f i e l d  i n  which the problems e x h i b i t  a s imi l a r  ab- 
s t r a c t  s t ruc ture  and the many techniques f o r  t h e i r  r e so lu t ion  may have 
wide app l i cab i l i t y .  

‘McDade, J. J . ,  Whitcomb, J .  G . ,  Rypka, E .  W . ,  Whitf ie ld ,  W .  J. 
and Franklin,  C .  M . ,  The Microbial P ro f i l e  of a Ver t ica l  Laminar A i r -  
flow Surgical Theater, Sandia Laborator ies  Research Report, SC-RR-6/-456. 
This paper presents some s p e c i f i c  r e s u l t s  i nd ica t ing  the e f fec t iveness  
of laminar a i r f low i n  ac tua l  su rg ica l  s i t u a t i o n s  and, i n  add i t ion ,  has 
a reasonable bibliography f o r  persons i n t e r e s t e d  i n  pursuing the sub- 
j e c t  f u r t h e r .  
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Planning f o r  Contamination Control. There a re  several  things which 
influence the au thor ' s  b e l i e t  that  planning fo r  contamination control 
i s  highly desirable .  
ing object ives ,  
objectives i n  some optimal" fashion, and ( 3 )  deciding how the a c t i v i t i e s  
a re  "best" undertaken. 

I n  t h i s  contekt, p l a k i n g  r e f e r s  t o  (1) formulat- 
(2)lldetermining a c t i v i t i e s  which w i l l  accomplish the 

' I  

I f  only one means of resolving a problem i s  ava i lab le ,  then plan- 
ning cons is t s  primarily of (1) deciding whether t o  use i t  and control 
contamination or  not t o  use i t ,  with the opposite e f f e c t ,  and (2) mak- 
ing arrangements t o  use the one means ava i lab le ,  i f  t h a t  i s  the decis ion.  
However, when many a l t e rna t ive  means of resolving a problem are  ava i l -  
ab le ,  then it  i s  of ten desirable t o  choose the "best" from among a l l  a l -  
t e rna t ives .  The view of contamination control  expressed above, t ha t  i s ,  
a broad f i e l d  of s imi la r ly  s t ructured problems, techniques fo r  whose 
reso lu t ion  may have wide app l i cab i l i t y ,  inevitably leads t o  the conclu- 
s ion  t h a t  there may be many ways of resolving a given problem. With 
continued technical advances, t h i s  w i l l  become almost a cer ta in ty :  
leading t o  an increased need for se lec t ing  a "best" means of problem res-  
o lu t ion  from among the a l te rna t ives .  Planning plays an important r o l e  
i n  doing t h i s .  

must be enormous. 
275 b i l l i o n  do l l a r s  would be necessary over the next 34 years to  resolve 
the a i r  pol lut ion problem.3 
r e l a t e d  t o  "lease one can begin t o  r e a l i z e  the poten t ia l  impor- 
tance of planning. 

The cos t  of contamination control a c t i v i t i e s  i n  t h i s  country today 
For example, i t  has been estimated tha t  as  much as  

I f  "best ," i n  the preceding paragraph i s  

Not unrelated t o  the question of cos t  i s  the question of general  
efficiency." Lower cos ts  and, perhaps, g rea te r  r e s u l t s  ( f a s t e r ,  more 

e f f ec t ive )  stem from e f f i c i e n t  act ions or a c t i v i t i e s  t o  resolve problems. 
Both technical and administrative planning tend t o  encourage t h i s  e f f i -  
ciency. 

ev i t ab le  increase i n  the number of ways of resolving problems ( s t eming  
from the broad view of contamination control)  and (2)  the poten t ia l  
savings and, possibly,  technical gains ,  associated with the e f f ic iency  
derived from planning seem g rea t .  

11 

Thus, planning seems desirable because (1) there  i s  an almost i n -  

A 
should 

- 
- 

A 

theory of contamination control adequate f o r  planning purposes 
have several  properties:  
a capabi l i ty  of addressing problems before they a r i s e  
few l imi t a t ions  regarding the types of  contamination o r  control  
techniques considered 
a capabi l i ty  t o  determine ''most effect ive ' '  means of achieving 
overa l l  contamination control object ives .  

l og ica l  f i r s t  s tep  toward the development of a theory of contam- 
ina t ion  control  i s  the formulation of a co l l ec t ion  of general object ives  

3The cos t  f igure  given here i s  the l a r g e s t  come across by the 
author.  
the  Subcommittee on A i r  and Water Pol lut ion of the Committee on Public 
Works o t  the United S ta tes  Senate, Ninetieth Congress, F i r s t  Session 
on S /80, Par t  2 ,  p .  9 4 3 .  

This figure and several others  may be found i n  Hearings before 
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t o  which a l l  persons activelyl engaged i n  t h i s  a c t i v i t y  can subscribe. 
Then some means of deriving 
t i v e s  should be found. Accordingly, the remainder of t h i s  paper i s  
devoted t o  a discussion of contamination control  object ives ,  a means 
of r e l a t i n g  these object ives  t o  a c t i v i t i e s  s u f f i c i e n t  f o r  the achieve- 
ment of the objectives,  and the notion of cost-effectiveness i n  contam- 
ina t ion  control.  

optimal" a c t i v i t i e s  t o  achieve these objec- 

It should be emphasized t h a t  some of the mater ia l  t h a t  follows i s  
subjective i n  character and represents  only the current views of the 
author.  

?he Systems Philosophy 

I n  Theor . One philosophy which typ ica l ly  concerns i t s e l f  with a 
broad, +view un of the subject being addressed i s  the "systems 
philosophy.'' Rather than appeal t o  other ,  of ten conf l ic t ing ,  def in i t ions  
of systems analysis ,  systems s tudies ,  systems engineering, operations 
research,  and so fo r th ,  a general  o u t l i  e of the "systems philosophy" 
(as seen by the author) i s  given below. z 

A philosophy fami l ia r  t o  men f o r  several  cen tur ies  i s  t h a t  of the 
" s c i e n t i f i c  method.'' In  general ,  one attempts t o  determine character-  
i s t i c s  of "natural  systems" by enter ing i n t o  a l og ica l  sequence of ac- 
t ions  resembling those shown below. 

THE SCIENTIFIC METHOD 

Natural 
System 

Ob serve the Sys tem 
Model the Sys t e m  
Verify the Model 
Analyze the Model 
Draw conclusions about the System 

A few comments about t h i s  l i s t  a re  i n  order .  Observation of a 
na tura l  system c l ea r ly  depends upon a person's a b i l i t y  t o  observe. This 
a b i l i t y  t o  observe i s  not only a function of the s t a t e  of technology and 
the system being observed, but  a l s o  of the observer,  himself.5 Thus, 
sub jec t iv i ty  i s  inherent i n  observation. 
i s  of ten  s ta ted  "Formulate Hypotheses" .6 
a broad meaning: an abs t r ac t  representat ion of the in t e r r e l a t ionsh ips  

The phrase "Model the system" 
"Model," i n  t h i s  context has 

4Numerous s imilar  descr ipt ions of ' 'operations research," "systems 
For example: 

( i )  Ackoff, R.  L . ,  "The Development of Operations Research as  a 

( i i )  Hal l ,  A. D . ,  A Methodology for  Systems Engineering, Van 

( i i i )  Optner, S .  L. ,  S stems Analysis f o r  Business Management, 

analysis" and so fo r th  may be found i n  the l i t e r a t u r e .  

Science ,I1 Operations Research, June 1956 , 4: 3 ,  265-287. 

Nostrand, Princeton, 1962, pp. 19  and 140. 

Prentice -Hall , Englewood Cdf f s , K .  J. , 1960 ¶ P.  31 .  

'Weyl, Hermann, Philosophy of Mathematics and Natural Science, 
Princeton University Press,  1949 , Section 1 i .  

6For example, ( i i i )  of Footnote 4. 



I .  

being ~ b s e r v e d . ~  The choice of a model i s ,  again,  a matter of judgment. 
It represents ,  i n  e f f e c t ,  the observer s "hypotheses" s t a t ed  i n  some 
abs t r ac t  form. The model i s  very much a function of the observations 
t h a t  a r e  made. Verif icat ion of a model i s  r a the r  d i f f i c u l t ;  science 
deals with a s e r i e s  of approximations t o  r e a l i t y  r a the r  than with 
' 'truth." Hence, v e r i f i c a t i o n  r ea l ly  means tha t  there have been no r e -  
l i a b l e  observations which a r e  in  contradict ion with the model ( insofar  
as  the person doing the modeling knows), and there  have been su f f i c i en t ly  
many observations t o  lend credence t o  the be l i e f  t h a t  t h i s  w i l l  continue 
t o  be the case a s  long a s  one's a b i l i t y  t o  observe i s  unchanged. 
v e r i f i c a t i o n  i s  not absolute.  It depends upon personal and s c i e n t i f i c  
judgment and upon one's a b i l i t y  t o  observe. 
normally an exercise i n  log ic ,  but the completeness of an analysis  can 
of ten  be questioned. The conclusions a re  statements about the na tura l  
system t h a t  can be made a s  a r e s u l t  of the analysis  of the model. 
such, they a re  generally no more r e l i a b l e  than the observations, the 
model, and s o  fo r th .  

Analyze, Conclude i n  prec ise ly  tha t  order .  For example, i f  ve r i f i ca -  
t i o n  of the f i r s t  model i s  impossible, the sequence may be Observe, 
Model, Observe, Model, Verify, and so for th .  Similarly,  i f  the con- 
c lusions a re  not consis tent  with the system being observed, the whole 
o r ig ina l  sequence, or some portion of i t  must be repeated. Thus, the 
s c i e n t i f i c  method i s  a dynamic philosophy which leads t o  ever b e t t e r  
approximations of " r ea l i t y f '  based upon judgment and the a b i l i t y  t o  
observe. 

Thus, 

Analysis of a model i s  

A s  

I n  pract ice  one may not follow the sequence Observe, Model, Verify, 

I n  "systems philosophy,'' as seen bx the author, i s  very s imilar  
i n  character t o  the " s c i e n t i f i c  method. The major difference between 
the two i s  t h a t  the "natural  system" of concern t o  one i n  the s c i e n t i f -  
i c  method i s  r e  laced by a s stem over which one has some d i r e c t  con- 

Two comments should be made 
about t h i s  notion. F i r s t ,  control may be possible i n  a t  l e a s t  two ways: 
physical  and mental. Physical control  r e f e r s  t o  the a b i l i t y  t o  do thingsll  
such a s  "control the humidity," "control the airborne pa r t i cu la t e  matter,  
and so fo r th .  Mental control  r e fe r s  t o  the a b i l i t y  t o  make decisions such 
a s  "use a c l a s s  100 clean room," "Chemically clean the  product," o r  t o  a 
c rea t ive  s o r t  of control  ( for  example, the  a b i l i t y  t o  design a product so 
that i t  i s  l e s s  l i k e l y  t o  f a i l  from ce r t a in  types of contaminants). The 
second coment about a "pa r t i a l ly  cont ro l lab le  system" i s  t h a t  t h i s  phrase 
i s  r e a l l y  undefined. 
has  ye t  t o  be s a t i s f a c t o r i l y  defined causes some persons discomfort. 
Y e t ,  "natural  system" i s ,  it would seem, equally undefined, and t h i s  
appears t o  bother few people. This difference i n  a t t i t u d e  i s  probably 
due t o  the f a c t  t ha t  numerous ' 'natural  systems'' have been invest igated 
by using the s c i e n t i f i c  method, and t h i s  has provided an i n t u i t i v e  base 
f o r  thinking about "natural  systems." 
t h a t  many fewer " p a r t i a l l y  control lable  systems'' have been thoroughly 
analyzed using the "systems philosophy" described below, or it may s i m -  
p ly  be t h a t  such s tudies  a re  not ye t  publicized adequately t o  provide 
t h i s  i n t u i t i v e  base fo r  "pa r t i a l ly  control lable  systems .I1 

i t  i s  hoped t h a t  the lack  of a precise  de f in i t i on  of a "pa r t i a l ly  con- 
t r o l l e d  system" can be compensated €or \y the recognition of the s i m i -  
l a r i t y  t o  the s i t u a t i o n  exis t ing for  a 

t ro l :  a "par t ia  P l y  cont ro l la  Es l e  system." 

Somehow, the f a c t  t h a t  "system,"  i n  t h i s  context,  

On the other hand, i t  may be 

In  any event, 

II natura l  system. 

'For an enlightening discussion about models, see Bross, I . D .  J. , 
"Models," an a r t i c l e  appearing i n  both: Design f o r  Decision (by I . D . J .  
Bross) , Macmillan, New York, 1953, pp. 161- 
Making i n  Business, (ed. Abe Shuckman) Holt;%nehart, Winston, New York, 

and S c i e n t i f i c  Decision 

963, PP* 63-11. 



Having some control  over a system normally implies t ha t  t h i s  con- 
t r o l  should be used t o  bes t  advantage; t ha t  i s ,  i f  one i s  dealing with 
a p a r t i a l l y  control lable  system, he should have objectives s t a t i n g  what 
he des i res  a s  a r e s u l t  of h i s  a b i l i t y  t o  control pa r t s  of the system. 
This i s  a fundamental concept i n  the  systems philosophy, which may be 
outlined i n  the same form as  the s c i e n t i f i c  method as  follows. 

SYSTEMS PHILOSOPHY 

Par t i  a1  1 y 
C ontr  011 ab l e  
System 

Sta te  Objectives ( r e  control)  
Ob serve the Sys tem 

1 Model the System 
Verify the Model 
Analyze the Model 1 (Optimize 
Draw Conclusions ( a c t i v i t i e s )  

I n  out l ine,  the systems philosophy d i f f e r s  from the s c i e n t i f i c  
method i n  two areas.  The f i r s t  i s  a statement of object ives  occasioned 
by the existence of some control  over the system i n  question and the 
second i s  the poss ib i l i t y  of drawing ''optimal'' conclusions from the 
modeling representing, i n  some sense, the "best" way t o  achieve the 
object ives .  Fundamentally, the difference i s  deeper because of the 
various possible types ofllcontrol and the l a t i t u d e  given i n  considering 
some concept or e n t i t y  a p a r t i a l l y  cont ro l lab le  system.'' Thus, fo r  
example, the s y s t e m  may be only an abs t rac t ion  whose existence i s  i m -  
p l i ed  by objectives which s t a t e  i t s  desired proper t ies .  Hence, i n  a 
r e a l  sense, the emphasis i n  the "systems philosophy" i s  upon the r e a l -  
i za t ion  of ob'ectives (dealing with control)  through a sequence of 

While the 
conclusions t o  be drawn may deal with the uncontrollable aspects of 
the system t o  some exten t ,  the bas ic  conclusion i s  a co l lec t ion  of 
a c t i v i t i e s  t ha t ,  i f  implemented, w i l l  achieve the object ives  "optimally . I '  

the b r i e f  description of the s c i e n t i f i c  method above, apply t o  them as  
concepts i n  the systems philosophy. There a re  some addi t ional  comments 
appropriate here. Observation, i n  the appl ica t ion  of the systems ph i l -  
osophy, may be an e n t i r e l y  i n t e l l e c t u a l  a f f a i r  i f  the system i n  question 
i s  only a concept. In t h i s  case, v e r i f i c a t i o n  of any model i s  an in-  
t e l l e c t u a l  a c t i v i t y  e i t h e r  u n t i l  the  a c t i v i t i e s  (conclusions) a re  i m -  
plemented and the r e s u l t s  compared with theory or u n t i l  a r e l i a b l e  
means of simulating the outcome a prior: i s  developed. Sometimes the 
nature of the system precludes ever ver i fy ing  the model (e . g . ,  when the 
necessary tezt ing would be prohibi t ively expensive).  Optimization means 
e s s e n t i a l l y  se l ec t ,  from among a l l  possible a l t e r n a t i v e s ,  one which 
bes t  achieves the objectives." 
means, but even when i t  i s  possible t o  do t h i s ,  there  a r e  several  p i t -  
f a l l s .  F i r s t h  a l l  possible a l t e rna t ives  a r e  probably not  known. I f  
they a re ,  an o w m u m ' '  may not e x i s t  because of the nature of the prob- 
lem. F ina l ly ,  if an "optimum" choice e x i s t s ,  i t  may not be possible t o  
f ind i t  i n  practice because of theore t ica l  o r  computational i n a b i l i t i e s .  
Thus, the word "Optimize," i n  prac t ice ,  must be understood t o  imply an 

attempt to  optimize." The conclusions t o  be drawn are  bas i ca l ly  con- 
cerned with using the control  one has .  
a c t i v i t i e s . "  In essence the re r e sen t  a statement of what things 

must be done i n  order t o  'best '  achieve the  objec t ives .  

act ions s i m i  + ar t o  t a t  occurring i n  the s c i e n t i f i c  method. 

The comments made about observation, modeling, and so  f o r t h ,  i n  

Of course, one must determine what "best" 

II 

Thus they have been termed 
Y P  

II 
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The s c i e n t i f i c  method and the systems philosophy are  very s imilar  
i n  i n t e n t .  There i s  a d i s t inc t ion  between the two i n  a s  f a r  as one can 
dis t inguish between the invest igat ion of in te r re la t ionships  per se  and 
the control of parameters appearing i n  such re la t ionships .  But =is i s  
often d i f f i c u l t ,  i f  not impossible, t o  do. For example, i n  inves t iga t -  
ing in te r re la t ionships ,  there i s  normally an object ive:  t o  do so i n  
the ''best" possible way. Thus, i n  invest igat ing,  one i s  i n  the posi- 
t i on  of applying the systems philosophy, which surely must have some 
e f f e c t  upon the experimentation. Since a c t i v i t i e s  stemming from both 
philosophies may well stem from the same model, d i f f e ren t i a t ion  between 
the two may be impossible except by a subiective evaluation of " in ten t . "  
However, i't should be emphasized t h a t  the- in ten t  i n  the systems phi los-  
ophy i s  t o  determine a c t i v i t i e s  which allow one t o  optimally achieve 
obiect ives .  

In  Pract ice .  The systems philosophy, as  out l ined above, seems 
theore t ica l ly  well-suited to  planning: i t s  in t en t  i s  t o  answer the 
question "how should one a c t  i n  order t o  optimally achieve h i s  objec- 
t ives?"  But there  i s  another ''how" t h a t  seems qui te  apparent. How 
does one apply the systems philosophy? The f i n a l  answer, of course, 
must depend upon circumstances, but  some things may be sa id  about t h i s  
"how." The preceding material  was not new - only the wording, and per- 
haps emphasis, has been a l t e r ed  t o  conform t o  the subject of the paper. 
However, what follows i s  f a i r l y  o r ig ina l ,  and subject t o  considerably 
more scrut iny ! 

I n  approaching a system with the systems philosophy, one has given 
a system and object ives .  
convey i n t e n t  about the desired r e s u l t s  of control of the system. 
approach out l ined here  w i l l  be t o  operate primarily from the objectives 
with the system providing constraints  upon act ions.  Before proceeding, 
a few t e r m s  w i l l  be defined. 

The objectives need not be precise ,  but should 
The 

For purposes here ,  an objective i s  considered t o  be a statement 
which contains or implies the existence of var iable  fac tors  and which 
spec i f i e s  some desirable  behavior or value fo r  the var iable  f ac to r s .  
So, f o r  example, the objective ' ' to  cut  monthly cos ts  i n  the future" con- 
t a i n s  a t  l e a s t  two var iable  factors :  cos t  and time. The objective pos- 
t u l a t e s  t h a t  these a re  r e l a t ed ,  and tha t  a t  some future  time, costs  
should be lower than a t  the time the objective was s t a t ed .  Had the ob- 
j e c t i v e  been s t a t ed  " to  cut monthly cos ts  $100,000 beginning next month'' 
t he  existence of the cost  and t i m e  var iables  i s  implied, and t h i s  ob- 
j e c t i v e  spec i f i e s  values for  the var iab les .  In  e f f e c t  then, the word 
object ive w i l l  be considered synonomous with a statement indicat ing 
des i red  behavior or  values for  var iab le  f ac to r s  which the object ive 
formulator wishes t o  have controlled,  influenced or measured. 

It should be remarked that  not a l l  statements commonly thought of 
a s  object ives  completely sa t i s fy  t h i s  def in i t ion .  
t h i s  i s  the existence of social ,  environmental, technological,  and other 
norms which make it  unnecessary t o  s t a t e  the variabl: f ac to r s  and specify 
their desired behavior. For example, the statement t o  determine the 
length of a given room" might be of t h i s  type. I f  a man i s  already i n  
the room with a tape measure, there  i s  an implied desire  fo r  a reason- 
ably immediate answer, for  accuracy of measurement compatible with tha t  
obtained from a tape measure, and fo r  a cost  commensurate with t h i s  type 
of a c t i v i t y .  

In a t t a i n i n g  an objective,  the person responsible for  i t s  a t t a i n -  
ment f requent ly  pays a penalty. This penalty may be i n  the form of a 

The bas ic  reason fo r  
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do l l a r  cos t  o r  any other expenditure of resources (time, personnel, 
and so  f o r t h ) .  
When an objective involves a des i re  f o r  improved ef f ic iency ,  i t  may be 
the case t h a t  no penalty i s  incurred by the person responsible f o r  the 
attainment of the object ive.  However, i n  t h i s  case, i t  may be t h a t  other  
persons, contractors f o r  example, sus ta in  a l o s s ,  o r  penalty,  so t h a t  
the notion of a penalty can depend highly upon one's point of view. 

s t a t ed  e i t h e r  by an individual or  a group act ing i n  unison. These 
range from f r e e  object ives  t o  bound object ives .  

need for  some general outcome or type of behavior without specifying 
the "amounts." For example, the objective "cut monthly cos ts  i n  the 
future" i s  of t h i s  type. The general  i n t en t  of such a statement i s  
c l e a r ,  even though one may meet t h i s  objective by cu t t ing  monthly cos ts  
by any amount a t  any fu ture  time. Presumably it i s  l e f t  t o  the person 
or  persons responsible fo r  achieving the objective t o  determine what 
reasonable cos t  cuts  a r e  i n  any given time period. 

Sometimes the penalty i s  a loss of other desired goals.  

In  general ,  there  i s  a spectrum of types of object ives  t h a t  may be 

Free objectives a re  usually conceptual i n  nature and recognize a 

A bound objective on the other hand, i s  one t h a t  i s  spec i f i c  i n  
nature .  
i s  bound since i t  requires  few i f  any decisions about the object ive 
i t s e l f  by those responsible fo r  achieving it .  

These have some elements of cons t ra in t  and some elements of choice f o r  
the implementer. 
cos t s  beginning next month .I1 

Free objectives,  as  envisioned here ,  contain a maximum amount of 
var iab le  quant i t ies .  As such, f r e e  object ives  may be regarded a s  ab- 
s t r a c t  statements of i n t en t  or desire .  The same f r e e  object ive may 
assume many bound forms depending upon the values or spec i f i c  behavior 
desired fo r  each of the var iab les .  For example, " t o  cu t  monthly cos t s  
$100,000 beginning next month'' and " to  cu t  monthly cos t s  $25,000 begin- 
ning i n  three months'' are two bound object ives  derived from the f r e e  
object ive " to  cut monthly cos ts  i n  the future." 

It i s  assumed t h a t ,  whenever the systems philosophy i s  employed t o  
determine what a c t i v i t i e s  a re  needed t o  "best" achieve object ives  r e l a -  
t i ng  t o  a p a r t i a l l y  control lable  system, ul t imately some objechive or 
object ives  must be bound. For example, when a f r e e  object ive cu t  
monthly cos ts  i n  the future" i s  s t a t ed  the  ul t imate  determination of 
a c t i v i t i e s  t o  accomplish t h i s  object ive involves e i t h e r  an a r i o r i  o r  

given mont and t h i s  l a t t e r  statement may be regarded as  a bound ob- 
j e c t i v e .  Because of our i n t e r e s t  i n  planning, i t  i s  assumed t h a t  an - a p r i o r i  bound objective i s  needed. This i s  the a n t i t h e s i s  of taking 
some act ion and then assessing i t s  e f fec t iveness .  

a possible means of r e l a t i n g  object ives  t o  ac t ions  which w i l l  achieve 
them with an acceptable penalty,  and doing so i n  such a fashion t h a t  a 
bound object ive with an acceptable penalty may be s t a t e d  before the 
advent of any action designed t o  meet the assoc ia ted  f r e e  objec t ive .  

primary objectives.  

For example, 'cut monthly cos ts  $100,000 s t a r t i n g  next month" 

There a re  objectives which l i e  somewhere between these two extremes. 

An example of such an object ive might be "cut monthly 

o s t e r i o r i  statement of the spec i f i c  amounts ( t o  be) save3 e- n any 

Accordingly, the emphasis i n  the following mater ia l  i s  on two items: 

The objectives associated with the  systems philosophy a r e  c a l l e d  
These object ives  provide the  ra i son  d ' e t r e  f o r  the 
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a c t i v i t i e s  undertaken t o  control t he  system and provide a l so  c r i t e r i a  
against  which the  success of the a c t i v i t i e s  may be judged. Normally, 
i n  any la rge  program, one would not expect these object ives  t o  be 
d i r e c t l y  achievable, t ha t  i s ,  the means f o r  d i r e c t l y  control l ing the 
var iab les  occurring i n  the objectives so t h a t  the  object ives  may be 
achieved, a r e  not known. When t h i s  i s  the  case,  the  var iab les  occur- 
r ing  i n  the object ive must be analyzed to  determine the a c t i v i t i e s  
necessary f o r  the attainment of the object ive.  

I' s ign i f i can t  factors" which influence t h e i r  attainment.  For example , 
i t  i s  not unreasonable t o  imagine t h a t  the f ac to r s  "salar ies"  and 
11 purchases" influence the monthly cos t  incurred by an organization. 
The determination of a s e t  of a l l  such "s igni f icant  factors" i s  of ten 
a matter of judgment. The relat ionships  between the primary object ives  
and the " s ign i f i can t  factors" influencing t h e i r  attainment i s ,  s imi la r ly ,  
a matter of judgment, and are  expressed i n  the  form of a model (or mod- 
e l s ) ,  with due consideration being given the system being modeled. 

c e r t a i n  object ives  r e l a t i n g  t o  the s ign i f i can t  f ac to r s  associated with 
the primary object ives .  For example , i f  l l sa la r ies"  and "purchases" a re  
deemed t o  be the only s igni f icant  cos t  fac tors  of an organization then 
a model r e l a t i n g  these t o  organizational cos t  might take the simple form 

C = S + P  

The analysis  of primary objectives leads t o  a consideration of the 

The des i re  t o  a t t a i n  primary object ives  implies the existence of 

where C represents  t o t a l  organizational do l la r  cos t  per month, S repre-  
sen ts  t o t a l  organizational salary cos t  per month and P represents  the  
t o t a l  purchase cos t  per month. Each of the  quan t i t i e s  C ,  S and P may 
vary with time, or 

C(t)  = S ( t )  + P ( t ) .  

Then, f o r  example, the objective "cut monthly cos t s  i n  the future" may 
be in te rpre ted  as  specifying that  a t  some time T > 0, C(t) should be 
l e s s  than C(0) f o r  t 2 T. This, of course, i s  only one possible i n t e r -  
p re ta t ion .  I n  t h i s  example, S(t)  and P( t )  represent  the fac tors  which 
influence the achievement of the object ive.  Depending upon the objec- 
t i v e  implementer's decision, the o r ig ina l  object ive,  C(t)  < C(0) fo r  
t 2 T, implies e i t h e r  t h a t  S ( t )  < S(0 )  or t h a t  P ( t )  < P(0) f o r  t 2 T 
(or both) .  Thus, the or ig ina l  primary objective implies the existence 
of object ives  dealing w i t h  the  s ign i f i can t  f ac to r s  influencing the 
achievement of the primary objective.  

encing the achievement of the primary object ives  a re  ca l led  secondar 
ob 'ect ives .  + es i r ed  mode of behavior or value of the var iables  representing the 
s ign i f i can t  f ac to r s  influencing the achievement of the primary object ive.  
The word var iab les  or parameters i s  appropriate here as  long a s  the 
s i g n i f i c a n t  f ac to r s  occur i n  some parametric form. This notion i s  out- 
l i n e d  schematically on the next Page * 

The new object ives  associated with the s ign i f i can t  fac tors  i n f lu -  

I n  essence, these secondary object ives  a re  statements ---E a out 
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Primary Ob j ec t ives (Variables, desired behavior or values) 

/I\ 
Significant factors influencing the behavior or values of the primary variables 

/ I  \ \  
Models relating primary variables to the significant factors 

influencing their behavior or values (and specifying the interrelationships 

among the primary variables.) 

Secondary Objectives 

Secondary object ives  a re  highly dependent upon the nature of the 
primary object ive,  the choice of s ign i f i can t  f ac to r s  influencing the 
behavior or possible values of the primary var iab les  and the choice of 
a model t o  r e l a t e  these. The hope i s  t h a t  i f  the secondary object ives  
a r e  achieved, the primary object ives  w i l l  be a l so .  This type of be- 
havior i s  evident i n  the simple model used fo r  i l l u s t r a t i v e  purposes 
above; t h a t  i s ,  i f  

( i )  S ( t )  - S ( 0 )  5 a ,  

( i i )  P( t )  - P(0) I b 

and 

( i i i )  a + b < 0 f o r  t 1 T, 

then one must have 

C(t) - C(0) < 0 f o r  t 2 T 

I f  S ( t )  and P(t)  are  the only s ign i f i can t  f a c t o r s  influencing C( t ) ,  and 
i f  the simple model represents  the r e l a t ionsh ip  i n  exis tence between 
these,  then the attainment of a l l  of the three secondary object ives  
given above implies the attainment of the primary object ive " t o  cu t  
monthly cos t s  i n  the future." 

A s imi la r  analysis  of the secondary objec t ives  may then be under- 
taken. This analysis y ie lds  a co l l ec t ion  of t e r t i a r  ob 'ect ives  which 

t i ves  do t o  primary object ives .  
4th l e v e l  objectives,  5th l e v e l  ob jec t ives ,  and so f o r t h .  

or branching s t ructure .  That i s ,  a single  primary object ive may y ie ld  
several  secondary objectives each of which, i n  tu rn ,  may y ie ld  several  
t e r t i a r y  objectives,  and so fo r th .  Thus the s t ruc tu re  i s  s imi la r  t o  
tha t  shown on the next page. 

play the same ro le  t o  the secondary object ives  +-T- a s  t e secon ary objec- 
This process may be continued t o  y i e ld  

One feature of a process such a s  t h i s  i s  t h a t  i t  has  a t r ee - l ike  



Primary object ives  

Secondary objectives 

Ter t ia ry  object ives  

Clearly there  i s  no advantage t o  a scheme such as t h a t  out l ined 
above unless it a ids  one i n  determining what a c t i v i t i e s  can be under- 
taken t o  achieve the primary objectives with an acceptable penalty. 

In  order t o  see how it  might do t h i s ,  the var iab les  associated with 
any objective a re  divided i n t o  two classes:  those var iab les  which a re  
actionable and those which a re  no t .  An actionable var iable  i s  one which 
can be d i r e c t l y  control led or measured. A s  discussed e a r l i e r  , control  
may occur i n  one of two ways and i s  a f a i r l y  subjective matter.  Physi- 
c a l  act ion may be taken t o  control the var iab les  i n  a predictable  
fashion, or the var iab les  may be control led by f i a t  (e.g., a decision 
about the magnitude of the var iab le) .  
one has no cont ro l ,  and these are actionable i f  they can be d i r e c t l y  
measured with an acceptable degree of accuracy. An example of an ac- 
t ionable  ob.jective i s  the objective 

There may be var iab les  over which 

a + b < 0 fo r  t 2 T,  

above, since t h i s  may be controlled by the person performing the analy- 
s i s .  

The in t en t  i n  constructing a t r ee - l ike  hierarchy of program objec- 
t i v e s  i s ,  then, t h a t  each branch of the t r e e  should ul t imately terminate 
with an object ive each of whose var iab les  i s  actionable.  I f  t h i s  can be 
done, then one has a scheme which r e l a t e s  the primary object ives  of the 
program t o  a c t i v i t i e s  t h a t  must be taken i n  order t o  achieve these p r i -  
mary object ives .  Such a statement must be tempered by the r e a l i z a t i o n  
t h a t  i t s  v a l i d i t y  depends upon the completeness of the sets of "s igni-  
f i c a n t  factors' '  and the appropriateness of the choices of the models 
occurring throughout the s t ruc ture .  

achieve them has been considered. N o  a t t en t ion  has  been given t o  the 
p o s s i b i l i t y  t h a t  the necessary act ions w i l l  involve too grea t  a penalty.  
Formation of a t r ee - l ike  hierarchy of object ives ,  each branch of which 
terminates i n  object ives  containing only actionable var iab les ,  may be 
accomplished independent of the loca t ion  of the primary objectives on 
the  free-bound sca le .  
the  future" i s  an example involving a f r ee  primary object ive.  

t i v e s  i n  the hierarchy a re  free a l so .  In par t i cu la r ,  terminal objectives 
involve actionable var iab les  whose desired modes of behavior or values 
a r e  specif ied abs t r ac t ly ,  a s  f o r  example i n  the simple model presented 
e a r l i e r  where S ( t )  < S ( 0 )  or  P(t )  < P ( 0 ) .  In t h i s  simple example, t o  
have a bound primary objective,  one must specify how much l e s s  C(t)  
should be than C ( 0 )  when t 2 T,  and T must a l s o  be specif ied.  This can 
c e r t a i n l y  be done d i r ec t ly ,  or i t  can be done by specifying T and the 

So f a r ,  only the r e l a t i n g  of object ives  to  act ions designed to  

The simple i l l u s t r a t i o n  ' ' to  cut  monthly costs  i n  

When one begins with f ree  primary object ives ,  then a l l  other objec- 

15 



re la t ionships  between S ( t )  and S(0)  and between P ( t )  and P(0). I f  , f o r  
example we l e t  

S(0)  - S( t )  = a 

and 

P(0) - P( t )  = b 

and i f  there a r e  pena l t ies  known fo r  values of a and b a s  shown below, 
then an analysis may be performed t o  obtain the optimum a and b for  a 
given requirement on 

a + b = C(0) - C(t ) .  

a- 

t 
Penalty 

b-- 

There may be a d i f f e ren t  s e t  of such curves fo r  each spec i f i c  value of 
T. Thus f o r  each bound primary object ive,  t ha t  i s ,  spec i f ica t ion  of 
C(0) - C(t)  = a + b and T,  one can determine the minimum penalty t h a t  
must be incurred to  achieve the spec i f i c  values .  I f  there  i s  then a 
y t i l i t y  associated with each possible combination of C(0) - C(t)  and T ,  
i t  i s  possible t o  choose some combination f o r  which the u t i l i t y  per 
un i t  penalty i s  maximal. I n  the absence of a well-defined u t i l i t y  
measure, i t  i s  s t i l l  possible t o  choose a t  l e a s t  one combination of 
C(0) - C(t) and T which has an acceptable penalty associated with i t .  
Thus, the objective hierarchy may be useful  both i n  r e l a t i n g  object ives  
t o  a c t i v i t i e s  designed t o  achieve them and a l s o  i n  determining bound 
program objectives which have acceptable associated penal t ies .  When 
u t i l i t i e s  fo r  spec i f ic  primary object ives  a r e  known, an "optimal" solu- 
t i o n  may be obtainable. 

I n  general ,  the objective hierarchy terminates i n  a co l l ec t ion  of 
object ives  each of which may be d i r e c t l y  achieved ( i . e . ,  they possess 
only actionable va r i ab le s ) .  These a re  normally f r e e  object ives  i n  t h a t  
they a re  s ta ted  i n  some abs t r ac t  parametric form, as  the example above 
i l l u s t r a t e s .  

For any assignment of s e c i f i c  parameter values i n  a l l  of these 
terminal object ives ,  one can %-- etermine the resources  n e e m  t o  achieve 
them. Notationally, i f  B 1 , . . . , O M  represent  the va r i ab le s  occurring i n  
the terminal object ives ,  i n  theory one can obtain an approximate penalty 
function 



by (1) determining the "best way of achieving the terminal objectives 
as  a function of the values of the var iab les  occurring i n  them, 

(2)  l i s t i n g  the resources needed for  the attainment of the terminal 
object ives  individual ly  (as a function of the parameters), 

(3)  eliminating "redundancy" i n  resources ( for  example, i f  a ce r t a in  
f a c i l i t y  may be used t o  control two var iab les ,  possibly occurring 
i n  d i f f e ren t  terminal objectives,  i t  i s  included i n  t o t a l  r e -  
sources only once) 

( 4 )  t r ans l a t ing  t o t a l  resource expenditure i n t o  penalty un i t s .  

Then, f o r  bound (spec i f ic )  primary object ives ,  one i s  attempting t o  de- 
termine spec i f i c  values fo r  the parameters 0 ,...,BM so tha t  the p r i -  
mary object ives  a re  achieved and P(B1,. . . ,BM$ i s  minimal. 
t i a l l y  determines the "optimalt' a c t i v i t i e s  needed f o r  the achievement 
of any bound primary object ives .  

F ina l ly ,  t o  a i d  i n  select ing acceptable bound primary object ives ,  
one may vary the spec i f i c  values appearing i n  them and determine the 
penalty associated with "optimal" attainment of each bound objective 
so obtained. I f  u t i l i t i e s  f o r  bound primary object ives  a re  known, then 
a u t i l i t y -pena l ty  analysis  may be performed to  determine "best" primary 
object ives .  I f  u t i l i t i e s  a r e  not known, one s t i l l  may seek a bound p r i -  
mary objective having an "acceptable" penalty associated with i t s  
achievement. 

This essen- 

The approach t o  u t i l i z a t i o n  of the systems philosophy out l ined 
above gives one a framework w i t h  which t o  answer the question "how does 
one implement the systems philosophy?'' This i s  done by changing the 
problem t o  one of finding s igni f icant  fac tors  and models t o  subproblems. 
I n  prac t ice ,  t h i s  seems t o  provide more order t o  the use of the systems 
philosophy. The "model" of the systems philosophy becomes, i n  t h i s  
context,  a co l lec t ion  of models associated with the objective hierarchy. 
Optimization takes the form of a u t i l i t y -pena l ty  analysis  of the h i e r -  
archy, and the conclusions ( a c t i v i t i e s )  a re  determined by the action- 
ab le  var iab les .  The "pa r t i a l ly  control lable  system" appears throughout 
the  hierarchy as  a cons t ra in t  upon the "s igni f icant  factors"  and the 
models t h a t  a re  chosen. 

A Systems Approach t o  Contamination Control 

General Comments About an Objective Hierarchy. Early i n  the paper, 
it was Dointed out  t ha t  contamination control  was generally concerned 
with l i k t i n g  o r  removing sol id  matter,  gases or  l i qu ids  i h ,  on o r  from 
o the r  so l id s ,  gases and l iqu ids .  But, i s  t h i s  a s u f f i c i e n t  descr ipt ion 
of contamination control  planning ob.iectives? 
no t ;  since t h i s  statement rea l ly  y i e  ds no way of determining the 
amount of control  needed - an e s sen t i a l  f o r  planning. 

The answer i s ,  probably 

The f a c t  i s  t h a t  contamination control  i s  a f i e l d  which serves 
higher objec t ives ,  and i t s  ro le  i s  bes t  understood by considering these 
objec t ives .  I f  there  w e r e  no e n a l t  associated with the existence of 

contamination control .  The following l i s t  gives some indicat ion of the 
types of pena l t ies  encountered i n  areas  where contamination control  i s  
prac t iced .  

contamination i n  a given s i tua t ion  w t en there  would be no reason f o r  
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Area 
Medicine 

Foods 

Drugs 

Manufacturing 

A i r  Pol lut ion 

Water Pol lu t ion  

Penal t ies  
- l o s s  of hea l th  
- death 
- needless suf fer ing  

- l o s s  of hea l th  
- death 
- unfavorable FDA ac t ion  
- l o s s  of business 

- l o s s  of hea l th  
- death 
- unfavorable FDA ac t ion  
- l o s s  of business 

- product f a i l u r e  
- unnecessary expense 
- l o s s  of hea l th  
- unfavorable government ac t ion  
- loss of business 

- loss  of hea l th  
- human inconvenience 
- l o s s  of na t ive  f l o r a  
- e s t h e t i c  l o s s  

- loss of hea l th  
- death 
- loss  of na t ive  b i o t a  
- e s t h e t i c  l o s s  
- loss of r ec rea t iona l  areas  

Planetary Quarantine - loss of s c i e n t i f i c  information 
about p lane ts  

Thus, contamination cont ro l  a c t i v i t i e s  a re  des i red  i n  each area  because 
of the penalty assoc ia ted  with the lack  of them. But more than t h i s ,  
i n  any given s i t u a t i o n  the penal ty  t h a t  one pays depends upon the amounts 
of contamination of var ious kinds t h a t  a r e  present .  For example, i n  
many medical s i t ua t ions  the "normal" environmental i n fec t ious  contamina- 
t i on  f o r  most micro-organisms i s  acceptable  without measurable pena l ty ,  
whereas i n  others (severe burns,  t r ansp lan t  p a t i e n t s )  i n fec t ious  contam- 
ina t ion  should be a s  l o w  as possible  because of the severe penal ty  if 
the s i t u a t i o n  i s  otherwise. 

Hence, not only do pena l t i e s  imply the  poss ib le  need f o r  cont ro l  
but they a l s o  give some ins igh t  i n t o  "acceptable" l e v e l s  of contamina- 
t i on .  This i s  important fo r  planning a c t i v i t i e s  i n  contamination con- 
t r o l  since the cont ro l  technique chosen must depend upon the amount Of 
contamination t h a t  i s  permissible ,  and the c o s t  incurred i n  contamination 



control  w i l l  be a function of the control  techniques chosen. Thus, 
t o  plan fo r  contamination control ,  one must have some knowledge of 
"acceptakle" l eve l s  of contamination. 
edge of acceptable'' l eve ls  of contamination w i l l  come from persons 
outside of the  contamination control area.  
ably take a medical s p e c i a l i s t  t o  determine "acceptable l eve l s  of types 
of a i r  contaminants when the penalty fo r  t h e i r  existence i s  primarily 
medical i n  character .  Nevertheless, contamination control i s  highly 
dependent upon the existence of penal t ies  incurred i n  i t s  absence. 

It might be expected t h a t  knowl- 

For exampletl it would prob- 

With t h i s  i n  mind, one goal of contamination control  a c t i v i t i e s  i s :  
Goal 1. 

There a re  other goals a l so .  For example, there i s  usually a penalty 
associated with the control of contamination as  well as  with i t s  ex is -  
tence since control normally requires  an expenditure of resources. 
Hence, i n  planning fo r  contamination control ,  one wishes also:  
Goal 2 .  To achieve Goal 1 so that  the penalty associated with the con- 

To control  contamination so t h a t  the payment of unacceptable 
pena l t ies  due t o  contamination i s  avoided. 

t r o l  a c t i v i t i e s  i s  acceptable. 

Not surpr is ingly,  planning must a l so  concern i t s e l f  with the t o t a l  
acceptab i l i ty  of  both of these pena l t ies .  I f  both the penalty for= 
exis tence of contamination and the penalty f o r  control l ing contamination 
can be expressed i n  common un i t s  (do l l a r s ,  fo r  example) then the  s i t ua -  
t i o n  might resemble tha t  shown in the  f igure  below. In  t h i s  f i gu re ,  it 
i s  assumed t h a t  the "amount" of contamination tha t  i s  acceptable depends 
not only upon the penalty one pays due t o  i t s  exis tence,  but a l so  upon 
the  penalty one pays f o r  i t s  control.  Thus the  "acceptable amount" may 
be t r ea t ed  as a var iab le  u n t i l  both these things a r e  known as  a function 
of "acceptable amount .'I 

Penalty 

b 

0 
0 c 

"Amount" of "Acceptable" Contamination 

Legend : penalty f o r  control  - - - penalty f o r  existence 
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I n  t h i s  simple i l l u s t r a t i o n ,  the t o t a l  acceptable penalty,  which, 
inc identa l ly ,  i s  a decision i n  t h i s  s e t t i ng ,  must be compared with the 
curve representing the sum. I f  t h a t  curve i s  always above (greater  
than) the t o t a l  acceptable l e v e l ,  then the problem cannot be resolved 
without a l t e r ing  the notion of acceptab i l i ty  or finding means of con- 
t r o l  with a lower associated penalty. Thus, while i t  i s  appropriate 
t o  consider the penalty from the existence of contamination, and i t s  
acceptab i l i ty ,  e r  se these w i l l  of ten be influenced by the penalty 
paid fo r  c o n t r o F  For example, i f  the maximum acceptable probabi l i ty  
of f a i l u r e  of a device from a contamination f a i l u r e  mode i s  i n i t i a l l y  
assumed t o  be loe3, but it i s  l a t e r  found t h a t  the cos t  of a t t a in ing  
t h i s  l e v e l  (by control l ing contamination) i s  ten  t i m e s  t h a t  associated 
with 3 x 10-3, one might wish t o  reconsider h i s  or ig ina l  notion of 
acceptab i l i ty .  Generally speaking, the notion of acceptable pena l t ies  
associated with the existence of contamination involves some elements 
of judgment. 

Often, curves l i k e  those i n  the above f igure  a re  not avai lable:  
e i the r  because the penalty un i t s  a r e  d i f f e ren t  f o r  the existence and 
control  of contamination or because the penalty associated with the 
existence of contamination i s  not thoroughly understood. The l a t t e r  
might be the case, for  example, i n  planetary quarantine. I n  any event,  
the penalty paid f o r  control  should be considered i n  planning fo r  con- 
tamination control .  

Before attempting t o  formulate general primary object ives  f o r  con- 
tamination control ,  i t  i s  convenient t o  note t h a t  the ac tua l  achievement 
of Goal 1 i s  often d i f f i c u l t  t o  determine. ?his i s  so f o r  a t  l e a s t  two 
reasons. F i r s t ,  i t  i s  general ly  not possible t o  monitor or measure 
amounts of contamination exact ly  because of the inadequacy of measure- 
ment techniques, the complexity of the t o t a l  system (including control  
environments, nature of contamination) and so fo r th .  Secondly, i n  many 
contamination control s i t ua t ions  it  i s  not possible t o  obtain s u f f i c i e n t  
data  about the adequacy of the contamination control  undertaken, i n  terms 
of r e s u l t s ,  t o  know with ce r t a in ty  tha t  the goal has been achieved. 
Planetary quarantine may, again,  be such a s i t u a t i o n .  Thus, i t  may be 
more appropriate t o  speak of the probabi l i ty  of achieving Goal 1, and 
t h i s  goal may be rephrased: 

OBJECTIVE 1: To control  contamination so t h a t  the  probabi l i ty  
P r  {payment of unacceptable pena l t ies  from contamin- 
ation15 e . 

This form has cer ta in  advantages i n  t h a t  i t :  
- recognizes the possible  uncertainty 

i n  knowledge about the achievement 
of Goal 1, and 

between 
t r o l l i n g  contamination. 

- allows f o r  t rade-offs  t o  be made 
and the penalty f o r  con- 

Combining Objective 1 with Goal 2 leads t o  the  object ive statement 
A CONTAMINATION CONTROL OBJECTIVE.  To cont ro l  contamination so t h a t  

without incurr ing unacceptable 
pena l t i e s  a s  a r e s u l t  of the 
control  a c t i v i t i e s .  

P r  {payment of unacceptable pena l t i e s  from contamination) 5 € 
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I 

I -  
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The nature of the control  t o  be exercised, the control  a c t i v i t i e s ,  a r e  
unknowns i n  t h i s  object ive,  and the object  i s ,  i n  essence, t o  determine 
them. Hence , control" and "control a c t i v i t i e s "  represent  var iab les  i n  
the object ive.  There a re  other var iables  a s  well .  Because of the i n t e r -  
dependence of the ''acceptable penalties" of both types, i t  i s  undesirable 
t o  make these spec i f i c  u n t i l  the in t e r r e l a t ionsh ip  i s  understood. 'Ihus, 
"acceptable penalties ' '  i n  both usages i n  the objective i s  a var iab le .  
Also ,  the parameter € i s  a variable s ince,  general ly ,  the penalty in-  
curred from control  depends upon the value of E ,  and it  i s  desirable  t o  
understand the functional re la t ionship  between the  two t o  a i d  i n  de- 
ciding what the ult imate value of should be. Certainly there  w i l l  be 
other  information avai lable  t o  a id  i n  t h i s  a l so .  

contamination," i t s e l f ,  i s  a var iable  i n  the sense of the preceding 
sect ion.  F ina l ly ,  the probabi l i ty  

must be regarded as  a var iable  because one presumably has some control 
over i t s  value.  

I t s  possible t h a t  
I '  

P r  {payment of unacceptable pena l t ies  from contamination\ 

I n  constructing an objective hierarchy from the Contamination Con- 
t r o l  Objective j u s t  s t a t ed ,  i t  i s  convenient t o  note tha t  the second 
p a r t  of the object ive,  corresponding t o  Goal 2 ,  need not be included 
i n  t h e  primary object ive of the hierarchy. This occurs because a h i e r -  
archy constructed from Objective 1, y ie lds  a means of a t t a in ing  the 
second pa r t  of the Contamination Control Objective as  out l ined i n  the 
previous sect ion.  Thus, i t  i s  necessary only t o  construct the  objec- 
t i v e  hierarchy from Objective 1. I f  Pun i s  used t o  designate 

the primary object ive t o  be analyzed takes the form: 
P r  {payment of unacceptable pena l t ies  from contamination\, 

As we begin t o  construct an objective hierarchy from t h i s  primary ob- 
j e c t i v e ,  i t  i s  worth r e i t e r a t ing  tha t  

- the choices of models and s ign i -  
f i c a n t  f ac to r s  a re  subject ive 
matters ,  and 

- i n  ac tua l  usage, these choices 
would be r e l a t ed  t o  the spec i f ics  
of the s i t u a t i o n .  

Thus, only a few "levels" of the t r e e  w i l l  be constructed a s  a means of 
i l l u s t r a t i n g  the re la t ionship  between contamination control techniques 
and a c t i v i t i e s  t o  general object ives .  

What might the s ign i f icant  f ac to r s  influencing the behavior of 
Pun be? Some fac to r s  which must ul t imately influence i t s  behavior a re  

- The ways i n  which unacceptable 
pena l t ies  may be incurred fro= 
contamination, 

- Tyr;es and amounts of contamination 
involved i n  these ways of incur- 
r i ng  unacceptable pena l t i e s ,  and 

- Sources of the types of contamin- 
a t ion  being considered. I 
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Suppose there a re  N independent ways of incurring unacceptable 
pena l t ies  from contamination, and t h a t  an unacceptable penalty i s  i n -  
curred over-al l  i f l l an  unacceptable penalty i s  incurred i n  any of these 
N possible  ways. Independent" means, roughly, t h a t  incurr ing an un- 
acceptable penalty i n  one way does not influence the probabi l i ty  of 
incurr ing an unacceptable penalty i n  any other way. L e t  

(i) - represent  the probabi l i ty  of pay- 
ment of unacceptable pena l t ies  
from contaminating the i t h  way. 

'un 

Here, i = 1, 2 ,  ..., N .  A simple example of t h i s  s i t u a t i o n  might be a 
system containing two valves i n  which the system f a i l s  whenever e i t h e r  
valve f a i l s  and i n  which the f a i l u r e  of one valve does not influence 
the behavior of the other  valve.  

Then the PA;), i = 1, 2 ,  ..., N ,  may be regarded as  a set  of "s ig-  
n i f  i can t  factors' '  influencing Pun. 
re la t ionship  between the PA:) and Pun may be expressed 

Under the conditions imagined, the 

Pun = 1 - 
i=l 

Since Pun i s  desired t o  be no grea te r  than E ,  

i=l 

or 
N 

i=l un 

This r equ i r e s ,  i n  e f f e c t ,  t h a t  f o r  i = 1, 2 ,  ..., N, 

where 
N 
n ( L E i )  2 1 - E  . 

i=l 

Thus, there  a re  N + 1 secondary object ives  

(i) < e i ,  i = l ,  2 ,  ..., N 'un - 

and 
N n 2 1-€. 
i=1 

I f  these a re  s a t i s f i e d ,  then Pun 5 E ,  a s  des i red .  



Hence, the f i r s t  l eve l  of the object ive hierarchy may be represented 
schematically as 

Primary Objective s : Pun 5 € 

Model : 
N 

( i ) ]  
C1 - pun Pun = 1 - n 

i=l 

(Significant Factors Pun (5)) 

M 

i=l 
Secondary Objectives: PA:) 5 E i ,  ll (1-q) 2 1- e. 

N 

i=l 
The secondary object ive Il (l-€i) ? 1-6 

contains only actionable var iables  i n  the sense t h a t  one can presumably 
force t h i s  t o  be the case i n  h i s  ana lys i s .  'Ihus t h i s  objective need 
undergo no fur ther  analysis .  Hence, l e t  us proceed t o  analyze the 
secondary object ive 

L e t  us suppose t h a t  there a re  M i  types of contamination which w i l l  con- 
t r i b u t e  t o  the  payment of unacceptable pena l t ies  i n  the i t h  way. Then, 
suppose t h a t  

(i) a i ,  a2,.. . ,  aMi 'un 
t h  - the probabi l i ty  of incurring unacceptable pena l t ies  i n  the i 

way when there i s  an amount a 
( j  = 1,. .., Mi) available f o r  the ith way of incurring penal t ies ,  

of the jth type of contamination j 

and 

p i  ( a l ~  a 2 , * * * 2  'Mi) 

- the probabi l i ty  tha t  an amount a j  of the jth type of contamina- 
t i o n  ( J=l , .  . . , Mi) - i s  available fo r  the ith way of incurring 
penal t ies  

a r e  known. 
range s 

If the possible amounts, a j  a r e  d i sc re t e  valued and l i e  i n  

then 

2 3  



Hence, one may consider the 2 N  p robabi l i t i es  

( i )  
Pun (a i ,  ..., aMi) , i = 1, .:., N 

and 
P i  ( a l ,  ..., aMi) , i = I,..., N 

a s  s ign i f icant  f ac to r s  influencing the attainment of the secondary ob- 
j ec t ives  

(i) 5 E T ,  i = 1 , 2 , . . . ,  N.  'un 
The secondary object ives ,  j u s t  s t a t ed ,  imply conditions on the behavior 
of the probabi l i t i es  

'un (i) (a1 , .. . ,aMi) and 

pi ( a l ~  * * * y a M i )  

a s  functions of the "amounts" a l , a 2 ,  ..., aMi. 
the t e r t i a r y  object ives ,  and usually t h e i r  exact form w i l l  be in f lu -  
enced by the spec i f ic  nature of the system i n  quest ion,  
be made t o  derive them here i n  any general form. However, the t e r t i a r y  
object ives  w i l l  involve specifying behavior fo r  these 2 N  p robab i l i t i e s ,  
so t h a t  analysis of them i s  appropriate.  

These conditions become 

No attempt w i l l  

I n  order t o  determine the s ign i f i can t  f ac to r s  influencing the be- 
th  havior of Pi(a1, ..., aMi) , the probabi l i ty  t h a t  an amount a of the j 

type of contamination ( j  = 1,. . . ,Mi) i s  avai lable  f o r  the ith way of 
incurr ing penal t ies ,  i t  seems reasonable t o  consider sources of contam- 
ina t ion .  Suppose there a re  K sources of contamination i n  the system, 
each of which may supply any or  a l l  per t inent  types of contamination. 
Suppose fur ther  t h a t  they a r e  independent sources i n  the sense t h a t  the 
e f f e c t  of any one source upon the ith way of incurr ing penal t ies  i n  no 
way influences the e f f e c t  of any other source. 
source one gets  an amount b jk  of the jth type of contamination, t h i s  
determines an array 

j 

Then, i f  from the kth 



Suppose one has knowledge of the p robab i l i t i e s  

- the probabi l i ty  t h a t  amounts, bjk, of the jth type of contamina- 
t ion  from the kth source a re  avai lable  f o r  the ith way of incur- 
r i ng  penal t ies ,  

(where k = 1,. . . ,K) f o r  a l l  possible arrays of the type above fo r  which - 
K 
C 
k=l 

bjk = a j r  j = l,..., M i .  

Then 

where the summation extends over the set s1 of a l l  K-by-Mi arrays 
Ilbjkl1 f o r  which 

K 

k = l  
b jk  = a j ,  j = 1,. .., M i .  

A t  t h i s  point ,  the objective hierarchy i s  adequately developed t o  
allow some ins ight  i n t o  the re la t ionships  ex i s t ing  between general ob- 
j e c t i v e s  and contamination control a c t i v i t i e s .  While these r e l a t ion -  
sh ips  a re  t o  be viewed a s  a consequence of a number of assumptions 
(N,Mi and K: known, ways of incurring penal t ies ,  sources: independent) 
it i s  very l i k e l y  the case tha t  a s imilar  hierarchy e x i s t s  when the 
assumptions a re  not v a l i d .  I n  t h i s  case,  d i f f e ren t  models would be 
:ceded, but the nature of the parameters would probably not undergo 

s ign i f  icant'l change. 

Referring t o  the objective hierarchy reproduced on the next page, 
it may be viewed i n t u i t i v e l y  as follows. The primary objective i s  of 
a general  nature: control  contamination t o  keep the l ikel ihood of in -  
curr ing unacceptable penal t ies  a r i s i n g  from i t s  exis tence small (less 
t 5 m  "e" ) .  
incurred i n  several  ways, and the secondary object ives  a re  statements 
implying a desire  t o  maintain the l ikel ihood of incurr ing unacceptable 
pena l t i e s  i n  any way small (the i t h  way l e s s  than Ci).  
E i ,  i n  t h i s  case,  i s  d i r e c t l y  r e l a t e d  t o  the o r ig ina l  quant i ty  e .  A t  
t he  t h i r d  l eve l ,  it was postulated t h a t  the penalty incurred i n  any of 
t he  possible ways depended upon the type and amount of contamination 
ava i lab le  ( for  each way) . A c c o r d i n g r t h e  t m e v e l  object ives  be- 
come statements about (a)  the l ikel ihood of incurr ing unacceptable 
pena l t i e s  i n  each way from defined types and amounts of contamination, 
and (b) the l ikel ihood of ac tua l ly  havin c r t a i n  amounts of various 
types of contamination avai lable  f o r  + E  t e it way of incurring unaccept- 
ab le  pena l t ies .  These objectives were not e x p l i c i t l y  s t a t ed  because 
the nature of the system w i l l  influence t h e i r  exact form. 
the fourth l e v e l ,  the existence o r  a v a i l a b i l i t y  of ce r t a in  amounts of 
var ious types of Contamination was postulated t o  depend upon the sources 

It was then postulated tha t  unacceptable pena l t ies  could be 

The "smallness," 

Final ly ,  a t  
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Primary Object ive:  

Model : 

2nd Object ives : 

P < E  un - 

Pun = 1 I,\ - [1 - P:;)] 

I j=' \ 
P ( ~ )  < Ei, i = I ,  ..., N un - 

3rd Objec t i ves ( re ) :  Pun (i) (a, ,.. . ,ab,i) and Pi(a 1 9 '  - 'aMi) 

i = I \  1, ..., N 
i = 1, ..., N 

Model : 

I 4th Object ives ( r e )  : 

\ 
TY Pes 

I /' I f Sources, From source t o  way 
p e r  se  of i r x u r r i  ng penal  t i e s  

Con t ro 1 Te c t I  n i qu es 

-- 
System Character is  ------\I /---- 



of contamination. A s  a r e s u l t ,  the fourth l eve l  object ives  become 
statements about the l ikel ihood of c e r t a i n  amounts of contamination of 
various txpes being ( i )  avai lable  a t  each source, and ( i i )  capable of 

reaching the various ways of incurring unacceptable pena l t ies .  A t  
each l e v e l ,  the postulates  jlust mentioned represented the assumption 
of the "s igni f icant  fac tors  I n  each case,  
mathematical models were used t o  r e l a t e  these s ign i f i can t  f ac to r s  t o  
the preceding var iab les .  A t  one o i n t ,  an actionable object ive (con- 
ta in ing  only actionable variables7 was found, and, i n  a l l  p robabi l i ty ,  
there  would have been others  had the t h i r d  and fourth l e v e l  object ives  
been s t a t ed  precisely.  I n  general ,  the objective hierarchy i s  compati- 
b l e  with the theory out l ined i n  the sect ion on "The Systems Philosophy." 

Let us examine the consequences of developing the hierarchy t h i s  
f a r .  Down the r i g h t  branches of the hierarchy (through 'Isources"), 
one's only concern i s  with sources of various types of contamination, 
and the a v a i l a b i l i t y  of contamination from these sources f o r  the v a r i -  
ous ways of incurring unacceptable pena l t i e s .  Objectives associated 
with these items ( a t ,  i n  f a c t ,  the f i f t h  leve l )  a re  a t t a inab le  i n  one 
or both of two broad ways. The f i r s t  i s  physical control  of contamina- 
t i on .  This may be accomplished a t  i t s  source or somewhere "between" the 
sources and the ways of incurring unacceptable pena l t ies .  The second 
i s  a "design" control  t o  be discussed l a t e r .  The f i f t h  l e v e l  object ives ,  
i n  any s e c i f i c  problem, would per ta in  t o  the "allowable" amounts (para- 
metrica-m any source or between any source and any way of incur- 
r i n g  unacceptable pena l t ies .  Thus, hopefully, one could determine the 
best ' '  means of control  a s  a function of the or ig ina l  E .  Then E could 

be determined as  a function of the penalty paid f o r  cont ro l .  

'!&is "optimization" cannot be accomplished , however , without con- 
s ide ra t ion  of the l e f t  branches of the t r e e .  I n  t h i s  branch, one i s  
concerned with the l ikel ihood of incurring unacceptable pena l t ies  from 
each way of doing so  when there i s  a c e r t a i n  amount of each per t inent  
type of contamination present .  
t o  be able t o  determine t h i s  through fur ther  analysis  coupled with ex- 
perimentation. But there  i s  a po ten t ia l  contamination control  problem 
he re  t h a t  i s  of ten  overlooked. I f  the system i s  not completely designed, 
the p o s s i b i l i t y  of control i n  these branches e x i s t s .  That i s ,  one may 
be able t o  des i  n t h e e m  s o  t h a t  the l ikel ihood of incurr ing unac- 
ceptable pena + t i e s  from various types of contamination i s  small even 
though the amount of many or a l l  types of contamination i s  la rge .  

Similar ly ,  the number and nature of sources, number and nature of 
the ways i n  which unacceptable pena l t ies  may be incurred, and types and 
modes of t ransport  of contamination avai lable  may possibly be control led 
through des i  n .  Thus, a s  might be i n t u i t i v e l y  obvious, system charac- 
t e r i s t i c s  i n  uence the com l e t e  t r e e .  When these may be control led 
through decisions,  these e c l s i o n x o u l d  be made so tha t  the f i n a l  
physical  control  of contamination has a small penalty associated with 
i t  ( insofar  a s  possible) .  

To r e i t e r a t e ,  using an approach such a s  this ,  i t  si-ioiild be pcss i -  
b l e ,  a t  l e a s t  i n  theory, t o  

- determine "optimal" means ( a c t i v i t i e s ,  equipment , e t c  .) needed 

I t  

appearing i n  Section 11. 

11 

In  any spec i f i c  problem, one would hope 

+ -+r 

t o  achieve the contamination control  object ive fo r  a given E 
(allowable uncertainty i n  incurring unacceptable pena l t i e s ) ,  

- allow one ins ight  i n t o  the dependence of E ,  and, indeed, the 
de f in i t i on  of an 
the penalty paid f o r  control l ing contamination, 

11 unacceptable penalty from contamination," upon 
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- help  one assess  the e f f e c t  of system design upon contamination 

- a i d  i n  recognizing areas i n  need of invest igat ion,  and 
- provide a common framework i n  which many, i f  not a l l ,  contami- 

control problems, 

nation control  problems may be viewed. 

Two Par t i a l  Examples. To i l l u s t r a t e  the above, somewhat abs t r ac t ,  
approach t o  resolving contamination control  Droblems. two somewhat more 
spec i f i c  problems in-which t h i s  approach has' been p a r t i a l l y  implemented 
w i l l  be b r i e f l y  discussed. 

Tierney and the author ha e considered the probabi l i ty  of f a i l u r e  
from contamination of a valve.g 
might be s ta ted :  To control  contamination so t h a t  the probabi l i ty  of 
f a i l u r e  of a valve before time T from pa r t i cu la t e  contamination should 
be less than E .  In  t h i s  primary object ive,  an "unacceptable penalty" 
appears i n  the form " fa i lu re  before time T." I n  the s i t u a t i o n  envi- 
sioned, an unacceptable penalty was incurred i n  only one way: f a i l u r e  
of one valve before time t .  Thus the secondary object ive was merely 
a rephrasing of the primary object ive,  i . e . ,  

PF(t) 5 e f o r  t <  T, 

where PF(t) represents the probabi l i ty  of f a i l u r e  (from pa r t i cu la t e  
contamination) a t  t i m e  t .  

In  the next l e v e l ,  i t  was hypothesized t h a t  f a i l u r e  occurred as  a 
r e s u l t  of having ce r t a in  amounts a i  of M types of pa r t i cu la t e  contami- 
nat ion (here,  i = 1 , 2 ,  ..., M ) ,  and the analysis  was much the same a s  the 
general case above with a i  = =. That i s  

In  t h i s  instance,  the primary object ive 

where 

PF(a1, ..., aM:t) i s  the probabi l i ty  of f a i l u r e  of the valve a t  time t 
i f  amount a i  of the i t h  type of contamination i s  pres- 
en t  i n  the valve a t  time t ( i  = 1,2, ..., M), 

and 
P(a1, ..., aM:t) i s  the probabi l i ty  t h a t  there  w i l l  be amounts a of 

a t  time t. 
the i t h  type of contamination present i n  the va t ve 

In analyzing P(a1,. ..,aM:t), i t  was assumed t h a t  there  were N sources 
of Contamination fo r  the valve during i t s  operation: contamination 
sealed i n  the ce r t a in  s i t e s  of the system t o  which the valve was a t -  
tached. 
of contamination before operation of the system, i . e . ,  the environment 
before the system was sealed,  contamination from mater ia l s  i n  the sys- 
t e m ,  and so for th .  
of (a) a probabi l i ty  d i s t r ibu t ion ,  P i ,  represent ing the i n i t i a l  ( a f t e r  

N o  consideration was given t o  the ana lys i s  of spec i f i c  sources 

Thus, the ana lys i s  of P(al, ..., aM:t) was i n  terms 



sealing) contamination i n  the ith s i t e  and (b) the probabi l i ty ,  IIi:' ( t )  
t h a t  a s ingle  p a r t i c l e  of type j i n  the ith s i t e ,  i n i t i a l l y ,  would be 
found i n  t h e  valve a t  t i m e  t .  These l a t t e r  p robab i l i t i e s  were fur ther  
analyzed by assuming tha t  ce r t a in  " t ransi t ion" p robab i l i t i e s  were known 
(s igni f icant  f ac to r s  a t  the s ixth l e v e l ) .  

While the authors had no s e c i f i c  system involving a valve i n  mind, 

p a r a l l e l s  the general approach presented above, and was not ,  inciden- 
t a l l y ,  undertaken with the general approach i n  mind. 

The second example of an analysis of a contamination control  prob- 
lem which resembles the general approach presented i n  t h i s  paper i s  the 
ana lys i s  of the planetary quarantine problem. 
one form of the primary objective may be s t a t e d  as  follows: 

so t h a t  the analysis  was not Carrie + eyond t h i s  l e v e l ,  the approach 

I n  planetary quarantine 

To control  contamination s o  t ha t  the probabi l i ty  of biasing l i f e  
detect ion and analysis  experimentation on a given planet before 
time T should not exceed e .  

In  t h i s  object ive 
t ec t ion  and analysis  experimentation before time T." Unfortunately T 
must be regarded as  unknown. One possible de f in i t i on  of "biasing" i n  
t h i s  context i s  "obtaining r e s u l t s  one would otherwise not obtain." 
This,  again,  presents some problem since what one would obtain without 
any contamination i s  unknown. 

An ana lys is  of e s sen t i a l ly  the above primary object ive may be found 
i n  a r port  i n  which an "unacceptable penalty'' was ac tua l ly  l e f t  unde- 
f ined  .G The ways of incurring unacceptable penal t ies  (biasing experi-  
mentation) were assumed t o  be the missions launched i n  the v i c i n i t y  of 
the planet  i n  question. 
each c l a s s  having a possibly d i f fe ren t  mode of delivering contamination 
(e.g.7 landers ,  flybys and o rb i t e r s ) .  Because it  was deemed prudent t o  
consider the number of missions i n  any c l a s s  unknown (as  w e l l  a s  the 
t i m e  period, T, re fe r red  t o  i n  the primary object ive) ,  a simple model 
of the form found i n  the general contamination control  tree (p.38) could 
not  be used. The model developed was one allowing per iodic  estimates 
t o  be made of the number of missions t o  be launched i n  each c l a s s .  Th e 
s i g n i f i c a n t  f ac to r s  influencing the attainment of the primary objective 
were of the form 

an "unacceptable penalty" becomes "biasing l i f e  de- 

The missions were divided in to  "classes" - 

Pik - the probabi l i ty  t h a t  a mission of the ith c l a s s  whose 
launch i s  deemed necessary a s  a r e s u l t  of the kth e s t i -  
mate w i l l  "contaminate" the planet  i n  question. 

H e r e ,  11 contaminate" may be understood t o  mean "deposit contamination i n  
such a way tha t  l i f e  detect ion and ana lys i s  experimentation i s  biased." 
The exact  nature of the model w i l l  be found i n  the repor t ,  and need not 
3 s  elaborated upon he re*  The secondary object ives  a r i s ing  from the model 
a r e  of the form 

Pik -< ' fik 9 

'Trauth, C .  A . ,  Jr . , A Sequential Decision Model of Planetary 
Quarantine Primary Objectives, Sandia Laboratories Research Report, 
SC-RR-6/-462. 
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where the € i k  can be d i r e c t l y  r e l a t ed  t o  the appearing i n  the p r i -  
mary objective.  

A complete analysis  leading t o  t e r t i a r y  objectives has ye t  t o  be 
performed; however, enough i s  known t o  show tha t  one of the s ign i f i can t  
f ac to r s  appearing a t  approximately the t h i r d  l eve l  i s  of the form 

pL { n ( t )  = k \  - the probabi l i ty  tha t  the bioburden of a m i s -  
s ion a t  launch i s  equal t o  k ( for  k = 0,1, 
2,  ...). 

To attempt t o  analyze t h i s  probabi l i ty  d i s t r ibu t ion ,  a model has been 
developed which may be used t o  predict  microbial survival  (or death)lO 
i n  thermal environments. The s ign i f i can t  fac tors  appearing i n  the 
model include 

- The temperature of the thermal environment , 
- Time the capsule i s  exposed t o  the thermal environment, and 
- The number of micro-organisms on the capsule j u s t  before i t s  

exposure t o  the thermal environment (or an i n i t i a l  d i s t r ibu -  
t ion,  i f  more appropriate .) . 

A f i r s t  attempt has been made t o  analyze t s l a s t  f ac to r  i n  terms of 

way t o  analyze these parameters i n  terms of environmental parameters in 
the hope of obtaining some actionable var iab les .  

Thus, i n  planetary quarantine,  the primary object ive has a form 
l i k e  the general contamination control  object ive.  The secondary ob- 
j ec t ives  r e l a t e  t o  ways of incurr ing penal t ies  and are  s imi la r  i n  form 
t o  those s ta ted  e a r l i e r  i n  the general context of contamination cont ro l .  
Third l e v e l  objectives which a r e  known a t  t h i s  t i m e  a re  r e l a t ed  t o  
quant i t ies  or amounts of micro-organisms present on missions, and those 
fourth l e v e l  objectives cur ren t ly  being invest igated r e l a t e  t o  sources 
of contamination (assembly, manufacture, e t c . ) .  Thus, again,  planetary 
quarantine i s  another problem area which insofar  a s  i t  has been analyzed, 
p a r a l l e l s  the general analysis  presented e a r l i e r  i n  t h i s  sec t ion .  Ad- 
mit tedly,  some portions of the hierarchy w i l l  d i f f e r  from the general  
abs t r ac t  case presented e a r l i e r ,  but  bas i ca l ly ,  planetary quarantine 
follows t h i s  pat tern.  

c e r t a i n  assembly contamination parameters, H and fur ther  work i s  under- 

'"Bramen, J. P . ,  A Rational Model f o r  Spacecraft S t e r i l i z a t i o n  
Requirements, Sandia Laboratories Research Report, SC-RR-6/-256. 

organisms," Mathematical Biosciences, t o  appear. 

t o r  Planetary Quarantine Requirements, 
t o  appear. 

, " A  Rational Model f o r  Thermal S t e r i l i z a t i o n  of Micro- 

, "On Logarithmic Extrapo1:tion of Microbial Survivor Curves 
Journal of Space L i f e  Sciences, 

"Sherry, E.  J. and Trauth, C .  A. Jr., An Assembly Contamination - Model , Sandia Laboratories Research Report , SC-RR-66-421. 



Inc identa l ly ,  the " l e f t  branches" of the general t r ee  developed on 
on page does not y i e ld  only measurable var iab les  fo r  planetary 
quarantine. 
be known a r i o r i m a t  many of the var iables  occurring i n  these 
branches Z b s e n t  decision 85tuations.  Analysis of these l e f t  
branches i s  current ly  underway. 

The ac tua l  consequences of contaminating a planet  cannot 

Conclusions and Comments 

The in t en t  of t h i s  paper was t o  develop a theory of contamination 

(1) broad enough t o  encompass a l l  contamination control  problems, 
(2) capable of aiding i n  the formulation of spec i f ic  contamination 

control  object ives  i n  any given s i t u a t i o n ,  
(3)  helpfu l  i n  determining the a c t i v i t i e s  needed for  the achieve- 

ment of contamination control object ives  on some "optimal" 
u t i l i t y -pena l ty  bas i s .  

The d e s i r a b i l i t y  of such a theory may be a t t r i bu ted  t o  two things.  
F i r s t ,  the "universali ty" of contamination control  problems, and second, 
the s imilar  abs t r ac t  character of many contamination control  problems. 
'Ihese lead,  inevi tably,  t o  the conclusion t h a t  there  w i l l  be  many pos- 
s i b l e  ways of solving contamination control  problems. The po ten t i a l  
gains  associated with making a ''best'' choice from among a l t e rna t ive  
means of resolving a given problem s e e m  g r e a t ,  so tha t  a theory having 
the  above named a t t r i b u t e s  seems desirable .  

control  with the following propert ies .  It should be 

The "systems philosophy" was introduced as an approach t o  problem 
reso lu t ion  primarily concerned with determining a c t i v i t i e s  which ' 'best" 
achieve some given set of objectives.  A s  a philosophy, i t  i s  i n  many 
ways analogous t o  the " sc i en t i f i c  method," and i s ,  therefore ,  not a 
spec i f i c  problem reso lu t ion  scheme but ,  r a the r ,  a point of view. To 
ac tua l ly  implement the systems philosophy, a framework i n  which primary 
object ives  (or ig ina l  problem objectives) a re  l inked t o  "actionable" ob- 
j e c t i v e s  (d i r ec t ly  achievable objectives)l was developed. 
work was termed an objective hierarchy, and the  elements occurring i n  
it may be d i r e c t l y  r e l a t e d  t o  those occurring i n  the "systems philosophy.'' 
The object ive hierarchy appears t o  be a framework possessing proper t ies  
(l), (2) and (3) ,  l i s t e d  above, provided tha t  primary object ives  f o r  
contamination control  a re  known. 

This frame- 
1 1  

Fina l ly ,  primary objectives f o r  contamination control were s ta ted ,  
and a p a r t i a l  abs t r ac t  analysis of these i n  the objective hierarchy 
framework was car r ied  out.  To examine the v a l i d i t y  of t h i s  approach, 
two r a the r  d i ss imi la r  spec i f i c  contamination control  problems were pre- 
sented. Each seemed t o  be capable of formulation within the framework 

"This research was evidenced by the presentations of N.  H.  Horowitz 
and R.  W. Davies a t  the meeting of the Spacecraft S t e r i l i z a t i o n  Advisory 
Committee of the American I n s t i t u t e  of Biological Sciences held i n  Los 
Angeles June 19-21, 1967. These gentlemen were addressing themselves 
t o  the questions of the nature of contamination and the pena l t ies  t h a t  
might be incurred fo r  i t s  existence i n  c e r t a i n  spacecraft  components. 
;ot unrelated,  the a r t i c l e  by Horowitz, Davies and R.  W .  Sharp e n t i t l e d  

Planetary Contamination I: The Problem and the Agreements ,I1 Science, 
V O ~ .  155, NO. 3769, pp. 1501-1505. 
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develo ed  i n  t h i s  Eaper, allowing f o r  some var ia t ions  i n  spec i f i c  param- 
e t e r s  gecause of t e spec i f i c  nature of the problems. 

While the general approach t o  contamination control presented i n  
t h i s  paper seems applicable t o  most contamination control  s i t u a t i o n s l  
i t  must be understood t h a t  i t  i s  not a t e s t ed  theory. To the author s 
knowledge, no problem i n  contamination control has been analyzed i n  
t h i s  fashion t o  a complete s e t  of actionable objectives.  Thus it i s  a 
matter of believing t h a t  t h i s  can be done. Since a complete s e t  of 
actionable var iables  has not been obtained i n  any contamination control  
s i t u a t i o n ,  i t  follows tha t  the theory i s  equally untr ied i n  i t s  a b i l i t y  
t o  obtain "best" means of problem resolut ion.  Nevertheless, with t h i s  
reserva t ion  (and others mentioned below) the approach t o  contamination 
control  developed i n  t h i s  paper seems, i n  theory, t o  s a t i s f y  the goals 
set  fo r th  i n  th i s  paper. 

Aside from the untested nature of the approach presented here ,  
there  a re  a t  l e a s t  two other reservat ions about the approach t h a t  should 
be mentioned. The f i r s t  i s  t h a t  the "true'' nature of resource a l loca-  
t i o n  f o r  control has not been thoroughly t rea ted .  The method out l ined 
i n  t h i s  paper i s  an approximate method: a more " r e a l i s t i c "  method re -  
quires  the solution of a r a the r  complex resource a l loca t ion  problem 
constrained by the r e s u l t s  of solving a number of resource scheduling 
problems. This occurs when the control  of terminal or actionable v a r i -  
ables i s  not independent, i . e . ,  when the method of control  of one may 
influence the control of another. For example, i f  a c lean room i s  
needed f o r  the achievement of one actionable object ive and a l e s s  cos t ly  
cleaning f a c i l i t y  i s  needed fo r  the achievement of another,  i t  may be 
possible ,  schedule permitt ing,  t o  use the clean room (which one must 
have) t o  replace the cleaning f a c i l i t y  , thereby reducing the t o t a l e -  
source expenditure. Thus, a need fo r  the "usual" too ls  of planning i s  
evidenced i n  the approach presented i n  t h i s  paper. The so lu t ion  of 
a l loca t ion  and scheduling problems i s ,  a t  times, very d i f f i c u l t , l 3  so  
t h a t  the complete success of the approach t o  contamination control  pre- 
sented here may depend upon one's a b i l i t y  t o  resolve other  d i f f i c u l t  
problems. The second reservat ion about the approach out l ined i n  t h i s  
paper i s  t h a t  i t  does not consider the organizational and educational 
aspects of planning. 
groups play,  the number of groups involved, and the way i n  which they 
are  coordinated must influence the e f fec t iveness  of contamination con- 
t r o l  act ions as well as  have some e f f e c t  on the pena l t ies  associated 
with contamination control a c t i v i t i e s .  E d y a t i o n a l  f ac to r s  w i l l  i n -  
fluence contamination control  "acceptance, e f fec t iveness ,  a c t i v i t i e s  
and so fo r th .  For example, only when the engineering community accepts 
contamination control as a v i t a l  consideration i n  product design w i l l  
the poten t ia l  gains i n  t h i s  area be r ea l i zed .  

Both the educational and organizat ional  aspects of contamination 
control  planning t end  t o  be associated with the implementation of a 
technical plan derived, possibly,  within a framework s imi la r  t o  t h a t  
presented here .  Their importance may be secondary i n  any r e l a t i v e l y  
short  time frame, bu t ,  long term, t h e i r  considerat ion may well  be neces- 
sa ry ,  and cer ta in ly  des i rab le .  

- 

The organizational r o l e  t h a t  contamination control  

I3Pierce , J .  F. ,  Jr . , Some Large-Scale Production Scheduling Prob- 
lems i n  the Paper Industry,  Prent ice-Ral ly  Englewood C1 itts, N. J . ,  
1964 .  
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